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???????????????????? Au ??????? (Au NC) ?????????












??????66{69??????????70?H2 ? O2 ????????????71,72?????
?37,73,74??????75{78??????? ??????????????????? (? 1.1)?
Au NC ?????????????????????????2008 ????????????
??????-?????? Au/NiO/SiO2 ???????methacrolein?? methyl methacrylate
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1.1 ?????????













acidic metal oxides are
excluded as a support.
13{16
HCHO 300-450 TiO2 regenerable by sun
light
119a)
CH3OH 300-450 TiO2 regenerable by sun
light
119a)












LaF3 for HCN Eynthe-
sis
18,19
o-chlorophenol 450-550 Fe2O3 integrated with
Pt/SnO2+Ir/La2O3
110a)






NO+C3H6 450-800 Al2O3 to N2, mixed with
Mn2O3
20{22




CO+H2O 400-500 TiO2, ZrO2,
CeO2
to CO2+H2 24{26
CO+2H2 400-500 ZnO to methanol 27
CO2+3H2 400-500 ZnO to methanol 27













Glycols room temp. activated car-
bon





CHCH 400-500 Al2O3 to ethylene 37
CH2=CH-CH=CH2 400-500 Al2O3, SiO2,
TiO2
to butenes 10,38,39
crotonaldehyde 500-550 ZnO to crotyl alcohol 40
acrolein 513-593 ZrO2 to allylalcohol 41
Hydrochlorina-
tion
CHCH 373-393 AuCl3/ acti-
vated carbon
to vinyl chloride 42
a) ?????







? 1.2 (a) Au/TiO2 ??????? CO????????????????????? (??
?? 12, Figure 8.??????????????????????)?(b) Au10 ???????
? CO????????????????? (???? 63, Fig.3????)?
1.2 ?????????????









???????????????????50?????H2 ? O2?CO?NO ??????????
??????????????? Au NC????????????????????????Au
NC????????????????????????????? Au NC??????????
?80{84??????????? Au NC???? (Au n )?????? Au NC??????? O2 ?
??????????????????
Au NC??????????????????????? TiO2 ? Fe2O3?CeO2 ??????
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1.3 ???????????????
??????? Au NC??????????????????????????11,43{49??? CO
???????Mg(OH)2 ? Al2O3?TiO2?SiO2 ?????????????????? Au NC
???????????14,85{87??????????? Au13 ???????? Au/Mg(OH)2 ??
????????88?????Goodman???Au/TiO2 ?????? CO??????? Au NC











???????????????? poly(N-vinyl-2-pyrolidone) [PVP; (C6H9ON)n]???? Au





? arylboronic acid??????????ammonium formate??? H2O2 ??52{55,93{95???
???????????????? (? 1.3)?
????? Au NC???????????Au NC????????????????????







? 1.3 (a) PVP? PAA??????(b) Au:PVP????????? (???? 55, Scheme 1.????)
? 1.4 Au:PVP?? Au NC????????????????????????????? (













??????????????NC????????????????????? O2 ? *????











































??? 5??????????? 1?????????????????????? 2????


























Hohenberg-Kohn????? (HK1) ??????????????????????? (r)??
2 ????
????????????
Hohenberg-Kohn????? (HK2) ???????????????? (r)?????????
?????
Born-Oppenheimer?????????????????? HamiltonianH^elec ??
H^elec = T^e + V^ee + V^ex (2.1)






????????? i????????????????? v^(ri)??????????? Hamilto-




		dx1   dxi    dxN (2.3)
HK1??????????????????? 1? 1???????????????????
?????? (r) ????????? v^(ri) ? v^0(ri) ???????????????????
Hamiltonian?
H^ = T^e + V^ee +
NX
i=1
v^(ri) + v^(ri) (2.4)








		dx1    dxi    dxN (2.6)
= N
Z
	0	dx1   dxi   dxN (2.7)
?????????????
E = h	jH^j	 i = h	jT^e + V^ee +
NX
i=1
v^(ri) + v^(r)j	 i




















????	? 	0 ????? H^ ? H^ 0 ???????????????????????
E0 = h	jH^j	 i  h	0jH^j	0 i (2.10)
E00 = h	0jH^ 0j	0 i  h	jH^ 0j	 i (2.11)
????
E0  h	0jH^j	0 i
= h	0jH^j	0 i+ h	0jH^ 0j	0 i  h	0jH^ 0j	0 i















0  E00 + E0 (2.14)
???????????????????????????????????????????
	 = 	0 ????????????? 	 6= 	0????????????????????????









Z rp(r)2 dr <1 (2.15)
?????? (r)??????????? f	i ; i = 0; 1;    g????????????????
??? 	0 ?????????????????????????













h	0 jT^e + V^eej	0 i  h	i jT^e + V^eej	i i (2.17)






































j (r; )j2 (2.19)





E[(r)] = F [(r)] +
Z
(r)v^(r)dr (2.20)




?????KS ?????????????? E[] ???????? Ts[]??????????
?? J []?????? R (r)v^(r)dr ????????????? Exc[]????????
E() = Ts[] + J [] +
Z
v^(r)(r)dr + EXC[] (2.22)
??????????? Ts[(r)]???????????? J [(r)]??????
R
(r)v^(r)dr??
??????????????????????????? EXC[(r)]??????? EX ???
??? EC ???????
EXC[(r)] = EX[(r)] + EC[(r)] (2.23)
???????? HF????????????? HF????????????????????
????
???? 2.22??????????????? KS????????? KS?????Lagrange
?????????????????????Lagrangian??









r2 + Veg i (r) = i  i (r) (2.25)
V e = V (r) +
Z
(r) + (r)






?????????????????? = ;  ?????
Hybrid DFT?













????EHFX ? HF????ESlaterX ? Slater????????????????????????
????????????????? Enon localX ???????? Enon localC ? 6????????
Pi(i = 1; 2; : : : ; 6)????????

































ni = N (2.30)
???????????????????????????????? ?????????
 i(r)? ?????????  i(r)?????????? N?N ????????? spin(r)




































































(PS) = trPS (2.34)




N = tr(SPS1 ) (2.35)
????  ?????????????  ????????????????????????






?net charge??????? A????????????? A??? ZA ????????????
???Mulliken????????????? qA ????????????




















































































































??????? r; ; ??????????????????? xi ???????????????
?? R?????????? van der Waals?? Coulomb??????????????????
23
2 ????
























































? 2.1 Amber GAFF ??????????? (???? 110, Table 1.????)
Atom type Description Atom type Description
Basic Atom Types
c sp2 C in C=O, C=S o sp2 O in C=O, COO-
c1 sp1 C oh sp3 O in hydroxyl group
c2 sp2 C, aliphatic os sp3 O in ether and ester
c3 sp3 C
ca sp2 C, aromatic
n sp2 N in amide s2 sp2 S (p=S, C=S etc)
n1 sp1 N sh sp3 S in thiol group
n2 sp2 N with 2 subst. ss sp3 S in -SR and SS
readl double bond s4 hypervalent S, 3 subst.
n3 sp3 N with 3 subst. s6 hypervalent S, 4 subst.
n4 sp3 N with 4 subst. hc H on aliphatic C
na sp2 N with 3 subst ha H on aromatic C
nh amine N connected hn H on N
to the aromatic rings ho H on O
no N in nitro group hs H on S
hp H on P
f any F p2 sp2 P (C=P etc)
cl any Cl p3 sp3 P, 3 subst.
br any Br p4 hypervalent P, 3 subst.
i any I p5 hypervalent P, 4 subst.
Special Atom Types
h1 H on aliphatic C with 1 EW group; cc(cd) inner sp2 C in conj. ring systems
h2 H on aliphatic C with 2 EW group; ce(cf) inner sp2 C in conj. chain systems
h3 H on aliphatic C with 3 EW group; cp(cq) bridge aromatic C
h4 H on aromatic C with 4 EW group; cu sp2 C in three-memberred rings
h5 H on aromatic C with 5 EW group; cv sp2 C in four-memberred rings
cx sp3 C in three-memberred rings
cy sp3 C in four-memberred rings
n aromatic nitrogen pb aromatic phosphorus
nb inner sp2 N in conj. ring systems pc(pd) inner sp2 P in conj. ring systems
nc(nd) inner sp2 N in conj. chain systems pe(pf) inner sp2 P in conj. chain systems
sx conj. S, 3 subst. px conj. P, 3 subst.
sy conj. S, 4 subst. py conj. P, 4 subst.
25
2 ????


















???????dr(t)dt = v(t) ????? r(t) ??????????? (2.37) ??????????
?? 2??????????????? (1=2)ri(t  2h)  (1=2)ri(t  2h)???????????
????????














???????ri(t  hh)??? t  h????? Taylor???????









ri(t) = ri(t  h) + hvi(t  h) + h
2
2!mi









= vi(t  h) (2.49)
??????? vi(t  h)??? t????? Taylor??????????
vi(t) = vi(t  h) + h
mi
f i(t) + f i(t  h)
2
(2.50)
????????????????? f i(t)?????? f i(t   h)? Taylor?????????
???????????? (2.46)???????















?? Verlet ??????????????????????????????? Taylor ???
?? t ???? t + h=2 ??????t + h ? t ????????????????? (2.44) ??
(2.45)???? t! t+ h=2?h! h=2????















+   
(2.52)














+   
(2.53)
????? h3 ??????????????? 1?????????????????
ri(t+ h) = ri(t) + hvi(t+ h=2) +O(h
3) (2.54)
????????????? t?????? t+ h=h? t  h=2????????????????
?? 1????? f i ??????????


















??????????????????????????miai = f i ????????? N??





























































?????????????????????? & ???????????????? & ????
???????????????????
dt = &dt0 (2.62)
??? t?????????t0 ???????????????????????0????????
??????????????????????????











+ U(q01;    ; q0N ) +
p02s
2Ms





























































































































































































M ????????????????????????????????? V ?????????
?????????????????????V ????????????????? UV ?



























































































































































h) + PV (2.82)
??????? q0i ? h????????? p0i ? ph ?
p0i = mih^


























































 q0jk   PV (h^T ) 1 (2.85d)
???





























































































































































???????????????????? Swendsen?Wang???? 1986?????? Ising
???????????????112???????????????????????????
????????????????????????????????????????????
?? 1991 ?? Geyer ??????????113??????? 4 ??????????????























RE ?????? MC ???????????????????????????? REMC ?
????????????????? V ? N ????????????????????????
????????? M ?????????????????????????????????
????????????????????????????????????????????
????????????????? 1 ? 1 ???????????????????????




??????????????????? m(= 1=kBTm)????????? ri(= r[m] = ri(m))
?????R = f1r[1];    ; Mr[M ]g????????????????????????????




















??????????????? Tm ? Tn ????????????????????????
?????????
R = f   ; mr[m];    ; nr[n];    g ! R0 = f   ; mr[n];    ; nr[m];    g (2.92)
???????????????? Tm ??????????????????????? Tn ?
???????????????? Tn ????????? Tm ????????????????
36
2.2 ?????
???? R?? R0 ???????????? P (R0 j R)???????????????????
????
P (R0 j R)WRE(R) = P (R j R0)WRE(R0) (2.93)
?????????????????????????????????????????????
2.91?????????????????????????????? 2.93??????
P (R0 j R)








mn = (m   n)[U(r[m])  U(r[n])] (2.94b)
??????????  ?
  min[1; exp(mn)] (2.95)
???????????????????????????????




(b) ?????????? tRE ????????????????? [m]?????????
????[m+ 1]? [m  1]??????????????????????
?????????? exp(mn)????????????????????????? n = m1

































??? H ????????????????????????????????? Tm ? Tn ??
??????????????????????????
X = f   ; x[m]m ;    ; x[n]n ;    g ! X 0 = f   ; x[n]m ;    ; x[m]n ;    g (2.97)
?????????????????????????????8<:x
[m]
m  (r[m]; p[m]m )! x[n]m  (r[n]; p[n]m )
x
[n]





















????????????????????????????? P (X 0 j X)??????????
???
P (X 0 j X)WRE(X) = P (X j X 0)WRE(X 0)
P (X 0 j X)



















mn = (m   n)[U(r[m])  U(r[n])] (2.100b)
????REMC???????????????  ?
  min[1; exp(mn)] (2.101)
???????????????????????




(b) ?????????? tRE ????????????????? [m]?????????















































H(x[m]m ) exp( mH(x[m]m ))dx[m]m (2.104)
???????????? ??????????????????????????






?? N ???? E  O(N)????????????????????????????????
???   O(1)?????????????????  ? 1=pN ??????????????
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2.2 ?????





?? [m]??? r[m] ?????????
wm(r

























?????????????? fg???Kullback-Leibler?????D(wm jj wm+1)+D(wm+1 jj
wm)?????????????????????  ?????m = m+1   m ???????
??????????????
















?????? Fisher ??????????????? h   i=m ????? wm(r) ??????
???????? Boltzmann????????????????Fisher??? I(m)? m ???





































3.1 ?? Au6 ???????????????
3.1.1 ??
poly(N-vinyl-2-pyrrolidone) [PVP;(C6H9ON)n] ??????? Au NC (Au:PVP) ?????
???????????p-hydroxybenzyl alcohol (p-HBA) ?????????????????
?????????
(3.1)




? Au 20 ?????????????????117,118???????? Au NC?? methanol??
???????????????????? Au NC?????????????????????

















3.1 ?? Au6 ???????????????
? 3.2 (a) ??????? p-HBA ?????????? HOO ?????????????
???????????????(b) ??????? p-HBA ??????????????
p-hydroxybenzyl aldehyde????????????????????????? 298 K??
??G????????????????????????? Au?O?H?C???????
???????????? (A??)? O2 ??Mulliken????? (???)?????
??????? p-hydroxybenzyl alcohol ?????????????? p-hydroxybenzyl aldehyde
???
Au NC??? p-HAB??????????????????????Au NC????????
???? (OOH )????????????????????????????????????
????? 3.2(a)???????????????????????????? p-HBA? O2 ??
Au6 ?????????????????? (? 3.2(a)3R1)?????p-HBA? 1???????
?? C-H???????????????????????? (? 3.2(a)3TS1)?????????
????????????????? 15.0 kcal/mol ????????????????????
45
3 ?????????????????
? 3.3 O2 ??? p-hydroxybenzyl alcohol ????????????? hydride ?????
???? p-hydroxybenzyl aldehyde ??????????????????????????
??? 298 K????G????????????????????????? Au?O?H?
C??????????????????? (A??)? O2 ??Mulliken????? (???)
?????






  ?????????? (? 3.2(b) R2)???????????????? p-HBA? 1?
??????????????OOH?????????? (? 3.2(b)TS2)???????????
?????29.6 kcal/mol????OOH???????????? 15.0 kcal/mol???????
????????????????????????????????????????????
??? 3.2(b)????????????p-hydroxybenzyl aldehyde????????????Au6
??????  2???????????? (? 3.2(b)P2)?
O2 ??? p-hydroxybenzyl alcohol ????????????? Au6 ????????
p-hydroxybenzyl alcohol??? hydride????????? p-hydroxybenzyl aldehyde???
????? hydride??????????????????? p-hydroxybenzyl aldehyde???
???????????????????????????? 3????????p-HBA???O2
46
3.1 ?? Au6 ???????????????
????????p-HBA??? hydride???H2O2 ???? 3??????p-HBA??? O2 ?
?????????????????????????????????? 3.3?????????
??????????????????????? 3.3???? 3R1?3TS1?1P1??? 3.2(a)?
??? 3R1?3TS1?1P1??????????????
???????? p-HBA ? 1 ?????????????? hydride ????????
Au6OOH
  ???????????????????? 3.3 ???????????????
??? 6.2 kcal/mol?????????????????? 3.3 P03????????HOOAu6H 2
????????????????????p-HBA ? O2 ?????????????????
????????? H2O2 ? Au6 ????????????????? 2 ??????????
???????? Au6 ?????????????????????????????? (? 3.3
TS04)????? H? HOO?? Au6 ????? H2O2 ??????? (? 3.3 TS05)??????
????????????????? 10.3?24.1 kcal/mol?????????? Au6 ??????
?? hydride???????????????????????????????????????
?? H2O2 ????????????????????????????????????????
???????????hydride????? Au6 ??? p-hydroxybenzyl aldehyde???????
?????????????
hydride?????? p-hydroxybenzyl aldehyde??
????? p-HBA??? hydride???O2 ? H  ????????????????????
H2O2 ??????3 ??????????????????????????????????
3.4?????????? 3.4??? R03?TS03?P03?R03?TS04?IM0?TS05?P04??????
???? 3.3? R03?TS03?P03?R03?TS04?IM0?TS05?P04???????Au6 ??? p-HBA
??? hydride????????????????????? (? 3.4? TS01)??????? 9.0
kcal/mol???????????????????? hydride?? (? 3.3TS03)????????
? 6.2 kcal/mol??????????????????????????????????????
Eley-Rideal(ER)????????????? Au6 ?????????? OOH????????
???????????? (? 3.4 3R02?3TS02?3P02?1P02)?????Au6-H?? O2 ?????
????????????????????? 12.1 kcal/mol????HOO????????? 1
????????HOO??????????????????HOO??????????? ISC
???? Au 6 ? OOH ??????????????????????HOOAu 6 ????? (?
3.4? 1P02)????OOH????????????????????? p-HBA?? hydride?
47
3 ?????????????????
? 3.4 p-hydroxybenzyl alcohol ??? hydride ????????? p-hydroxybenzyl alde-
hyde????????????????????????????? 298 K???? G??
??????????????????????? Au?O?H?C?????????????
?????? (A??)? O2 ??Mulliken????? (???)?????




? 3.5 (a) ? 3.2 P2 ? Au 26 ???????? H2O2 ????? (b) ??? 3 ??????
?????? H2O2 ?????????????????????? 298 K ?? G ????
???
48
3.1 ?? Au6 ???????????????













a) Eads = E(Au6OH
 ) + E(OH -3H2O)  
E(Au6-OH+3H2O) in G(298.15K).
? 3.2 ?????Au6 ???????












a) ? 3.6(c)? (d)???????
b) Eads = E(Au6OH
 ) + E(OH -3H2O)  
E(Au6-OH+3H2O) in G(298.15K).
? 3.2 P2?? 3.3 P04????????Au2 6 ???????????????????????
????????????? H2O2 ? Au2 6 ??????????????????????Au6
???????? H2O2 ????????? 3.5(a)????????? 3.2 P2? Au2 6 ?????
? H2O2 ??? 2????????????????????????Au6 ??? p-HBA???
????????????????????????????????????????3????
?? H2O2-Au2 6 ????????????????????????????????????
??????? H2O2 ??OH  ? Au6-OH  ????????????????????? 3.5(a)
??? H2O???????????????????? (? 3.5(b))????Au6 ????????
OH  ???????????????? 3.1???????????????OH  ? Au6 ???
?????????????53.3 kcal/mol???????Au6 ??????? OH  ??????
?????????????????????????????Au6 ???????? OH  ???
?????????????????????????????Au6 ???????? OH  ???
???????????????????????? (PCM)? Au6OH -3H2O????????
????????OH  ? Au6 ???????????????? 0.1 kcal/mol????????
???????????????????????????????? Au2 6 ?????????
?????? (? 3.3 P04)???H2O2 ????????????????? 3.2?? 3.6????
?????? Au6 ??????? H2O2 ???? OH  ??????? Au6 ??????????





? 3.6 ???????? Au2 6 ???????? H2O2 ????????????
(a)[H2O2-3H2O-Au6]
2  ??????(b)[H2O2-3H2O-Au6]2  ??????(c)[HOAu6]  ?
?????(d)[HO-3H2O-Au6]  ????????? (A??)???????? (298 K???
? G[kcal/mol])?????????
Au6 ????????????? Au6 ???????? p-hydroxybenzyl alcohole???????
??















???????????????? Au2 6 ?????????????????????? 2 ??
OH  ?????????????? Au6 ? OH  ??????????????????????
???????????????? OH  ??????????????????????????
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3.2 ?? Au6 ???????? allyl alcohol????
??????????????????????







???????131{136??????? H2 ????????????????? H2 ?????C=C
????????????????????????????























??????Au6 ? trans-2-hexen-1-ol??????????????????? 3.8 IM1??
??????????????????? Au6 ??????????????????????
????5.78 kcal/mol????trans-2-hexen-1-ol?????????????? OH?????
??????????????????????????? 3.8??????? (IM1?? IM2?
?)????????????????????? 52.3 kcal/mol???????? H??????
???? Au???????????????????????????????????????
????????????? 3.8 ????? (IM2 ?? IM3 ??)???????????? 43.0
kcak/mol????Au6 ????????????
3?????????????? Au6 ???????????????????????????
??????? 3.9???????????????Au-O-Au?????? Au-O? Au-H? 2?
?????????? (IM3?? IM4??)????????????????12.2 kcal/mol??




3.2 ?? Au6 ???????? allyl alcohol????
? 3.8 IM1?? IM3?????????????????????????????????
?????????????????????????
? 3.9 IM3?? IM5?????????????????????????????????
?????????????????????????
?????? (IM5?? IM6??)?????????????????????????????
????????????? 3.10????????????????????? (IM6?? IM8)?








? 3.10 IM5 ?? IM8 ????????????????????????????????
?????????????????????????
? 3.11 IM8?? IM11????????????????????????????????
?????????????????????????
?? OH??????????????????????? 3.11 IM10????????????








3.2 ?? Au6 ???????? allyl alcohol????
? 3.12 IM11 ?? IM13 ???????????????????????????????
??????????????????????????




??????????????????? (? 3.13)??????????????18.9 kcal/mol?
???????keto????? enol???????????????????????
????????Au NC ???? allyl alcohol ?????????????????????
???????????????????????????????????????????
??????Au6 ???????? trans-2-hexen-1-ol ???????????????????
trans-2-hexen-1-ol? OH?????????????????????
??????????????????????????? Au6 ??????????????




























Au6 ???????? allyl alcohol ????????????????????Au NC ??
?????????????????? Au6 ???????????????????????




3.2 ?? Au6 ???????? allyl alcohol????
?????????????????Au6 ??????????? allyl alcohol????????









4.1 Au:PVP? Au:PAA????????: ????????
4.1.1 ??
?????????????????????? Au NC???????? Au:PVP?????
?? p-HBA??????????????????????????????????55,145??
?????????????????? NC ????????????????????????
??????????????? (? 1.4)52{55,93{95,99??????????????? Au NC?
???????? Au NC???????????????????????55?Au NC????
???????????????????????????????????????103????
????????????? PVP?????? (ethylpyrrolidone; EP)?? Au13 ???????




???????? Au ????O2 ?????????????????????????????
?????????????????????????????????????????????








?????????? Au NC ???????????????? B3LYP ?????????
??? DFT ?????????????????????????????? (ECP) ????
??????? (LANL2DZ) ?????????????????????? 6-31G(d) ????
???????????? O ??????? 6-31G(d) ??????????????????
??Au???cuboctahedral?? Au13?ethylpyrrolidone (EP; C6H11ON)? propaneamine (PA;
C3H7NH2)?Au-EP?Au-PA?Au13-EPm (m = 1; 2; 4)?Au13-PAm (m = 1; 2; 4)?Au13-EPm-O2
(m = 1; 4)?Au13-PAm-O2 (m = 1; 4) ?????EP ? PA????? PVP ? PAA?????
?????????????????????????????????????????????
?????????? O2 ?????????????????????????????????
?????O2 ???????????Au13-EPm ? Au13-PAm ?????????????? O2
???????????????????Gaussian09??????????119????????
4.1.3 ?????
? 4.1 ????????????(a) PA, (b) Au-PA, (c) Au13-PA, (d) Au13-PA4, (e) Au13-






a)? a) ???? 103, Fig.1?????
60
4.1 Au:PVP? Au:PAA????????: ????????






Au - 9.42(9.225) -
Au-EP  0:214 b) 7.14 b) 3:93 b)
Au-PA  0:268 6.89 15:1
Au13 - 6.91 -
Au13-EP  0:305 b) 6.16 b) 14:9 b)
Au13-EP2  0:402 b) 5.65 b) 12:2 b)
Au13-EP4  1:100 b) 4.59 b) 10:2 b)
Au13-PA  0:348 6.23 25:0
Au13-PA2  0:658 5.77 23:2
Au13-PA4  1:248 4.83 21:8
Au13-H2O  0:225 6.51 14:2
a) Eads = [fE(Aun)+E(L)mg E(model)]m, L = EP, PA? m
? L????? b)???? 103, Table 1.?????
????????????????????? 4.1?? 4.1????????????Au???
PA ????????????? 15:1 kcal/mol?Au ?????????  0:268 a.u. ?????
??????PA ?? Au ????????????????Au-PA ?????????????
(IP)? 6.89 eV??????????????? Au??? 9.42 eV?????????
Au13-PA ? Au13-PA4 ??????? 4.1 ? (c) ? (d) ?????Au13-PAm (m = 1; 2; 4) ?
Au13 ? PA ???? 1 ???????????????????  25:0? 23:2?21:8 kcal/mol
????????????? Au-PA????????????????????????????
? Au13???????? 0:348? 0:658? 1:248 a.u.????Au-PA????? Au?????
?????????????????????? PA?????????????????????
????Au13-PA4 ??????????? O2 ?????????????????? Au13-PA4
? O2 ?????????????????????????????????????????
O2 ?????????????? 3:04 kcal/mol? 0:167 a.u.????????? Au13-PA4 ??
???????????? O2 ?????????????????
? 4.1? (h)-(j)?? 4.1???????? Aun-EPm ?????????103?????????




? 4.2 Au13-EPm-O2 ? Au13-PAm-O2 (m = 1; 4)?????????????? O2 ???
????? (Ead)
Model sipn state R(Au-O), A R(O-O), A
O2 Triplet - 1.215
Au13-EP-O2 Doublet
b) 3.175 b) 1.218 b)
Au13-EP4-O2 Doublet
b) 2.390 b) 1.263 b)
Au13-PA-O2 Doublet 3.361 1.220
Au13-PA4-O2 Doublet 2.394 1.262




Au13-EP4-O2  0:164 b) 3:45 b)
Au13-PA-O2 0.002 0:92
Au13-PA4-O2  0:167 3:04
a)Ead = fE(Au13-Lm) +E(O2)g  E(model), L = EP, PA?m? L?????
b)???? 103, Table 2?????
4.1.4 ??
?????Au:PVP????? Au;PAA?????? Au NC???????????????
???DFT ?????????????????????????????????????Au
NC????????????????????????Au????? Au13 ???????PVP
? PAA????????????????? EP??? PA??????????????????




4.2 Au:PVP? Au:PAA????????: ???????
4.2.1 ??
????? Au NC???????????????? Au NC??????????Au NC?
??????????????????? Au NC???????Au NC???????????
??55,103?Au:PVP ? Au:PAA ???????????????? Au NC ?????????
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4.2 Au:PVP? Au:PAA????????: ???????
?????????????????????????????????????????????
???-??????????? DFT???? PVP? PAA?????????????????
??????????????????
Au NC????????????????????????????????????????
???????????????????? Au NC???????? Au???????????
?????????????????????????????????104??????????
?? Au NC??????????p-HBA??????????? Au NC??????????
??????????????????????





?????????? Au NC ???????????????? B3LYP ?????????
??? DFT ?????????????????????????????? (ECP) ????
??????? (LANL2DZ) ?????????????????????? 6-31G(d) ????
???????????? O ??????? 6-31G(d) ??????????????????
??H2O?Au13-(H2O)m (m = 1; 2; 4)?Au13-EPm(H2O)4 m (m = 1; 2; 3)?Au13-PAm(H2O)4 m





???? MD ????????? Amber14 ?????146????????????????
Amber GAFF?? (Version 1.7, Nov 2013)????????? TIP3P???????????





























????? 5000??????????? NPT??? 300 K????????????MD???
????????????????? (REMD)148??? NVT ??? 4 ns ??????????
????????????? 36????????? Au13(PVPn0)m ????? Au13(PAAn0)m ?
????? 291 K?? 553 K?Au55(PVPn)m ????? Au55(PVPn)m ?????? 294 K?




?? Au NC ????????????????? (radial occupancy distribution; ROD) ???
?????????
????? r ??????????? V (r)????Vocc(r)????????????????
???????????? ROD????? r ??????????????????
ROD(r) =
Vocc(r +r)  Vocc(r)
V (r +r)  V (r) (4.1)
??? r ? r ?????????????????ROD????? r ???? r ??????
????????????????????????????r ! 0???????? ROD??
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????? 4.3?????? 4.1?????????????????? ROD????????
?????????????? Au NC??????????? 4.2(a)?????????????
??????????????????????????????? van der Waals (vdW)???
?????????????????????????????????????????????
??????????????????????? r ?? r +r ???????????????
?????????????????? r ??????????? REMD???????????
??????????????????????????????? ROD??????
????????? Vocc(r) ? vdW ?? A ??????????A ????? MD ???
???????????? Amber??????????? A?????? vdW???????
???????????????????? r ????? 0.43 A? 0.64 A?????????
?? Amber GAFF??????? c3???????? vdW?? c3(=1.7 A)? 25%????
????r ???????? 1.5?????????






???????????????????????? O2????????? Au NC??????
?????????????????? Au NC???????????????? Au NC???
???????????
Au13 ??????????????????????????? 4.3(a)?(b)?(c)?? 4.4??
??????????????????? Au NC???????Au NC???????????
???????????????????? Au13-EPm ? Au13-PAm (m = 1; 2; 4)(?? ? 4.1)?
???????????????? 1?????????????????? 14 kcal/mol????
???????? EP? Au NC??????????????????????????????
??????Au13-EPm(H2O)4 m?Au13-PAm(H2O)4 m ?????????????? Au13
????????????????????????????????? 4.3(d)-(i)???????
? 4.3 ????????????(a) Au13-H2O, (b) Au13-(H2O)2, (c) Au13-(H2O)4, (d)
Au13-EP(H2O)3, (e) Au13-EP2(H2O)2, (f) Au13-EP3(H2O), (g) Au13-PA(H2O)3, (h) Au13-
PA2(H2O)2, (i) Au13-PA3(H2O)?
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4.2 Au:PVP? Au:PAA????????: ???????






Au13-H2O  0:225 6.51 14:2
Au13-(H2O)2  0:447 6.23 14:0
Au13-(H2O)4  0:919 5.56 13:3
Au13-EP(H2O)3  0:979 5.33 13:7
Au13-EP2(H2O)2  1:029 5.10 13:9
Au13-EP3(H2O)1  1:068 4.91 14:0
Au13-PA(H2O)3  1:019 5.43 15:8
Au13-PA2(H2O)2  1:111 5.21 17:8
Au13-PA3(H2O)1  1:198 5.12 20:1
a)Ead = [fE(Aun) + E(L) mg   E(model)] m, L = EP, PA, H2O?m ?
L?????
??Au13-EPm(H2O)4 m ? Au13-PAm(H2O)4 m ??m = 0????????????? 4.3(c)
?????????m = 4???????? 4.1(l)??? (f)???????????
?????????????300 K ???? Boltzmann ????????????????
????????????????????? 4.4 ?????????? Au13-EP4 ????
???? Au13-EPm(H2O)4 m (m = 0; 1; 2; 3) ?????????????????? Au13-
PAm(H2O)4 m (m = 0; 1; 2; 3; 4) ?? Au13-PA4 ?????????????????????
???????????? Au13-EPm(H2O)4 m ?????? 2.45?Au13-PAm(H2O)4 m ???
????? 4???????????????? Au:PVP???????????????? Au
NC????????????????????????? Au NC??????????????
???????????? Au:PAA?????? PAA???? Au NC ???????????
???????????
?????????????? Au NC?????
???????????? Au NC ?????????????????????Au:PVP ??
? Au:PAA ??????????? MD ??????????????Au NC ???????
?? ROD ???????????Au:PVP ??? Au:PAA ????????????????
?????????????????????Au13(PVPn0)m?Au13(PAAn0)m?Au55(PVPn)m?
Au55(PAAn)m (m = 1; 2; 3; 4:n = 100=m; n
0 = 36=m)????????????n?? n0 ???
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4 ????????????????????????
? 4.4 (a)Au13EPm(H2O)4 m ? (b)Au13PAm(H2O)4 m (m = 0; 1; 2; 3)?????????
????????????????? 4.5??????????? Au NC???????????
?????????? 4.5?????ROD?????????????m???????????
????????????Au13(PAAn0)m ???????????m?????? ROD????





???????????? Au NC????????? DFT???????Au:PAA?????
? Au13-PA4 ?????????????????Au:PVP?????? 4??????????
???????????????????????????? ROD?"??"??????? 4.6?
?????????????????Au:PVP???? Au:PAA??????? ROD?????






????Au NC?????????????????????????Au NC???? PVP??
???????????????????????????????????????????PAA
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4.2 Au:PVP? Au:PAA????????: ???????
? 4.5 (a)Au13(PVPn0)m, (b) Au13(PAAn0)m, (c) Au55(PVPn)m?(d) Au55(PAAn)m
(m = 1; 2; 3; 4:n = 100=m; n0 = 36=m) ? ROD?ROD ???????????????
? DFT???????????????
? 4.6 (a) Au13(PVPn0)m?Au13(PAAn0)m?(b) Au55(PVPn)m?Au55(PAAn)m?ROD
(m = 1; 2; 3; 4:n = 100=m; n0 = 36=m)














? 3?? 3.1?????? Au6 ????????????????????3????????
????????????????????????? p-HBA?????????p-HBA???
hydride???????????????????????????????????hydride??




H2O2 ??????? Au6 ????????????????????????????????
?? 2?? OH  ????????????????????????????????? OH  ?
????????????????????????????????????????????
???
? 3?? 3.2????Au6 ???????? allyl alcohol?????????????????
????????????? Au6 ????????????????????Au NC ?????
???????????????????????????? allyl alcohol(2-hexen-1-ol)? OH?
??????????????? enol(1-hexen-1-ol)????????????1-hexen-1-ol???







? 4?? 4.1????Au:PVP????? Au:PAA?????? Au NC??????????
?????????????? Au NC????????????? DFT???????Au??
??? Au13 ???????PVP? PAA????????????????? EP??? PA??
???????????????????????????????-?????????????
PAA? PVP? Au NC??????????????????????????????PAA?
??????????????????PVP? PAA? Au NC????????????????
??????????????????????????????????????
??? 4 ?? 4.2 ????Au:PVP ????? Au;PAA ????????????????Au
NC???????????????????????????????????????????
??? Au NC?????Au NC?????????????????????????Au NC?
??? PVP???????????????????????????????????????
??????PAA??????????????????????????300 K? Au NC??
????????? PAA?????????????????????????????????
?? Au NC ??????????????????????? REMD ???????????
????????????????????? Au NC????????????? Au:PVP??







????????????????????????????? Au NC????? Au:PVP??
? Au:PAA???????????????? Au NC???????????????? Au NC
??????????????????????PVP? PAA? O2 ??????????????














?????????????????icosahedron?? Au13?methylpyrrolidone (MP; C5H9ON)







?????????MP?MA?????? Amber GAFF(Version 1.7, Nov 2013)??????
????????Au13 ???????????????? Au???????? Au??????
???????????????????????????????????????????
A ????????????
?A.1 ??????????????????????????(a) Au13-MP?(b) Au13-MA?
?????????????????????
A.2.2 ???????????????
??????????????? r???????????????????????  ????
Amber??????????????????????????????????????
Vtot = Kx(x  xeq)2 + const:; (x = r; ) (A.1)









 Vtot(xeq  x)  2Vtot(xeq) + Vtot(xeq +x)
2x2
; (x = r; ) (A.2)
???????? Au13-MP? Au-O??? 2.337 A?Au-O-C??? 125.899  ????Au13-MA
?? Au-N ??? 2.289 A?Au-N-C ??? 115.941 ???????????????????
???? req ??????? eq ???????????????????????Au13-MP ?
??-2087.35987154 hartree?Au13-MA??-1857.276910112 hartree????
??????????????????????????????????????????
?????????????????????????(req  r; eq); (req + r; eq); (req; eq  
); (req; eq  )??? 4?????????????????? A.2???????????





req = 2:337 A
eq = 125:899

V (req +r; eq) =  2087:35972867 hartree
V (req  r; eq) =  2087:35970033 hartree
r = 0:05 A
Kr = 0:062816 hartree=A
2
= 39:42 kcal=mol A2
V (req; eq +) =  2087:35980202 hartree
V (req; eq  ) =  2087:35979265 hartree
 = 2:5
K = 0:00001187 hartree=deg
2
= 24:46 kcal=mol  rad2
V (req; eq)
=  1857:276910112 hartree
req = 2:289 A
eq = 115:941

V (req +r; eq) =  1857:27669576 hartree
V (req  r; eq) =  1857:27665477 hartree
r = 0:05 A
Kr = 0:08919800 hartree=A
2
= 55:97 kcal=mol A2
V (req; eq +) =  1857:27681122 hartree
V (req; eq  ) =  1857:27680791 hartree
 = 2:5
K = 0:00001419 hartree=deg
2
= 55:97 kcal=mol  rad2
? A.2 ????????????????????????????????????????
(a) Au13-MP?(b) Au13-MA
??? Au13-MA ? Au-n3 ????? Au-n3-c3 ???????? Kr ? K ?????????






? A.1 Amber GAFF(ver.1.7?????????????????????????
????? Kra) req=A ?????? Kb) eq=deg
hn-n3 394.1 1.0180 c3-c -o 68.03 123.11
c3-n3 320.6 1.4700 c3-n3-hn 47.13 109.92
c -o 648.0 1.2140 c3-n3-c3 64.01 110.90









[1 + cos(n  )] + const: (A.3)






















[1 + cos(niji   i)]
9=;+ const: (A.4)
?????????? (???? tortion type)???????????????????????
???????
PES??????????????????? (? A.1)?????Au13-MP?? Au3-Au2-O14-







?? Au-Au-o-c ?????????????Au13-MA ???Au-Au-n3-c3 ? Au-Au-n3-hn ? 2
?????????Vn;i=2???? AC-Au-o-c? AC-Au-n3-c3???????????????
?????? AC ???????AC ????????????? Au ????????????
6 AC-Au-O/N ????? 180 ??????????????????????????????
????Au13-MP? Au13-MA??????? 6 AC-Au-O/N?????? 180 ????????
???????????MP?MA? Au13 ??? Au???????????????????
???????? AC-Au-o-c? AC-Au-n3-c3??????????? PES??????????
???????????????????????????????van der Waals???????
???????????????????????????






? A.2 Au-O/N?????????????????????(a) Au13-MP??(b)Au13-MA
?????? ??????
i type name ji position
1 AC-Au-o -c 1 Au1-Au2-O14-C15






i type name ji position
1 AC-Au-n3-c3 1 Au1-Au2-N14-C15





3 AC-Au-n3-hn 1 Au1-Au2-N14-H17
2 Au1-Au2-N14-H18



























































????? 4?? 4.2????? REMD?????????????????????????
????




0)m ????? Au13(PAAn0)m ????
???? 1 2 3 4 5 6 7 8 9
????/K 290.58 295.22 300.00 305.06 310.38 315.5 320.71 325.96 331.39
???? 10 11 12 13 14 15 16 17 18
????/K 336.93 342.44 348.28 354.13 361.28 367.86 374.39 381.51 388.98
???? 19 20 21 22 23 24 25 26 27
????/K 396.35 403.51 411.91 419.95 428.16 435.68 443.89 452.74 461.34
???? 28 29 30 31 32 33 34 35 36
????/K 470.65 480.27 489.67 499.32 509.67 519.70 530.20 540.95 553.41
(a) Au55(PVPn)m ????? Au55(PAAn)m ????
???? 1 2 3 4 5 6 7 8 9
????/K 293.99 296.96 300.00 303.18 306.50 309.68 312.89 316.11 319.42
???? 10 11 12 13 14 15 16 17 18
????/K 322.77 326.09 329.58 333.06 337.28 341.14 344.94 349.06 353.35
???? 19 20 21 22 23 24 25 26 27
????/K 357.55 361.61 366.33 370.82 375.37 379.51 384.00 388.80 393.44
???? 28 29 30 31 32 33 34 35 36
????/K 398.42 403.53 408.49 413.54 418.92 424.09 429.47 434.93 441.21
B REMD???????
? B.1? B.2?????????? 36????????? 5?? REMD??????????
?????????????????????????????????????????????
????????????? 31????????????????? ?? B.3????? 300 K
?????????????????????????????????????????????
??? 2 ns????????????????????????????????????????






?????????? REMD ????????? 2 ns ??????????????? REMD
????????????????????????? 0.1?? 0.2??????????????
???????REMD??????????????????????????????????
?????? ??? B.9-B.12??????? REMD???????????????????








? B.1 Au13 ?????????????????? 36 ????????? 5 ?????





? B.2 Au55 ?????????????????? 36 ????????? 5 ??????





? B.3 ???? 300 K????????????????????????????????
????????????????(a)Au13(PVPn0)m ????, (b)Au13(PAAn0)m ????,
(c)Au55(PVPn)m ????, (d)Au55(PAAn)m ????
? B.4 ???? 300 K ????????????? ROD ??????????
(a)Au13(PVPn




? B.5 Au13(PVP36=m)m ????????????????(a)Au13(PVP36)1,
(b)Au13(PVP18)2, (c)Au13(PVP12)3, (d)Au13(PVP9)4




? B.7 Au55(PVP100=m)m ????????????????(a)Au55(PVP100)1,
(b)Au55(PVP50)2, (c)Au55(PVP33)3, (d)Au55(PVP25)4




? B.9 Au13(PVPn0)m ???????? REMD ???????????????????
??????????????????????????????????????????
(a)Au13(PVP36)1, (b)Au13(PVP18)2, (c)Au13(PVP12)3, (d)Au13(PVP9)4
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? B.10 Au13(PAAn0)m ???????? REMD ??????????????????
???????????????????????????????????????????
(a)Au13(PAA36)1, (b)Au13(PAA18)2, (c)Au13(PAA12)3, (d)Au13(PAA9)4
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B REMD???????
? B.11 Au55(PVPn)m ???????? REMD ???????????????????
??????????????????????????????????????????
(a)Au55(PVP100)1, (b)Au55(PVP50)2, (c)Au55(PVP33)3, (d)Au55(PVP25)4
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? B.12 Au55(PVPn)m ???????? REMD ???????????????????
??????????????????????????????????????????
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